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The morphology ol Rhizopus oligosporus {SRRL 2710) sporangiospores and their physiological requirements 
for germination were studied. Gertnitration pr oceeded in two separable phase s: phase ! (swellin g) and phase 11 
(g erm tube pr otrusion). The optimal conditions for germination were 42*^0 and pH 4.0. Sporangiospores 
contained i nsufficient endogenous carbon for swelling or germination to occur in distilled water . Initial swelling 
during phase I occurred only in the presenceof a suitable carbohydrate . Subsequent production of germ tubes 
during p hase 11 r equired exogenous sources of both icarbon and nitroge n. Spores germinated most rapidly in 
mixtures of amino acids; L-proline and L-alanine were the most effective. These amino acids, at concentrations 
as low as 10'^ M, supported germination when combined with glucose and Mcllvaine (citric acid-phosphate) 
buffer. D-Glucose, o-xyiose, and o-mannose were the most effective carbohydrates tested for promotion of 
germination. 
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Tempeh, a fermented soyfood long used as a meal substi- 
tute in Indonesia (6), is prepared by inoculating cooked 
soybeans, or soy-grain mixtures, with Rhizopus olif;osporus 
sporangiospores. The fermentation, which usually occurs at 
30 to 32**C, requires ca. 30 h to complete. Mycelial growth 
becomes visible after ca. 20 h. The iniliar stage of the 
fermentation involves germination and outgrowth of the 
sporangiospore inoculum. 

Hesseltine el al. (3) and Sorensen and Hesseltine (5) have 
studied the physiology of R.. oligosporus mycelial growth. 
The germination requirements of its sporangiospores, how- 
ever, are not well established. Knowledge of optimal ge rmi- 
n ation cnnHjtinn*: for sporangiospore Starters may allow "" 
tempeh manufacturers t o accelerate the critical inmal perio d 
o f the fermentation, thus minimizing the possibility of subse- 
quent overgrowth by contaminants. Some p hysical and 
nutritional conditions promoting germination 'o J_g_. olijjo- 
s pnnt^ <;porangiosDores and the accompanymg morpTToFogi- 
cal changes that occur during their outgrowth are presented 
in this paper. 

MATERIALS AND METHODS 

Organism. R. oligosporus NRRL 2710 was obtained from 
the U.S. Department of Agriculture Northern Regional 
Research Laboratory (Peoria. 111.), courtesy of C. W. Hes- 
seltine. This strain has been used extensively for the produc- 
tion of soybean tempeh in the United States. 

Media. Protein digests (NZ amine type A, soy peptone, 
and Hy-Cas) were obtained from Sheffield Chemical Co.. 
Norwich, N.Y. 

A modification of the defined medium described by Gra- 
ham et al. (2) was used for sporangiospore pr oductio n."^ 
base medium consisting of 0.759^ glucose. 0.09^^ 
CNH4)2S04, 0.1% MgS04 • 7H:0, and 2:47f lonagar no. 2S 
(Wilson Diagnostics, Glenwood, III.) was prepared in dis- 
tilled water. After autoclaving. the base medium was asepti- 
cally combined with an equal volume of sterile Mcllvaine 
buffer (pH 4.0). The mixture was held at 50°C in a water 
bath. Slock solutions of filter-sterilized thiamine hydrochlo- 
ride (25 M.g/ml) and trace metals (0.2 mg of FeSOj • 7H:0. 
0,2 mg of ZnS04 • 7HnO, and 0.2 mg of MnSO: • 4H:0 per 
ml) were aseptically added to the medium, using 0.1 ml per 
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100 ml of medium. The medium was dispensed into standard- 
size plastic petri dishes. Various formulations of this medi- 
um in liquid form were utilized for shake-flask studies. 

Sporangiospore production and preservation. Sporangio- 
spores were produced on the medium described above, using 
a plate-overiay method. A base layer of the defined medium 
(15.0 ml) was overlaid with 5.0 ml of 1.2% lonagar containing 
ca. 10'^ sporangiospores per ml. Plates were incubated at 
30°C for 5 daysi Sporangiospores were harvested with a wire 
loop, using two consecutive rinsings ( 10,0 ml each) of sterile 
physiological saline solution containing O.OIC^ Tween 80. 

Sporangiospore suspensions were preserved on activated 
silica gel by a modification of the method described by 
Perkins (4). Tubes of silica gel were prepared by weighing 
5.0 g of chromatography-grade silica gel (0.05 to 0,2 mm; 70- 
325 mesh ASTM) (E. Merck AG, Darrnstadi. Germany) into 
50-ml screw-cap test tubes. The capped tubes were then 
oven-sterilized at 180°C overnight. Sterile tubes of anhy- 
drous silica gel were placed in an ice bath. A 1.0-ml portion 
of spore suspension was pipetted along the surface of the 
silica gel, dropwise. Tubes were returned to the ice bath for 
15 min. Each tube was mixed with a tube agitator and sealed 
with a layer of Parafilm. The spore suspensions were stored 
at 4**C. Estimates of spore viability were determined by using 
Mycophil agar (BBL Microbiology Systems. Cockeysville. 
Md.). Viability of the spore preparations ranged from 60 to 
659^ over the course of these experiments. 

Assessment of germination. For these experiments, germi- 
nation was defined as the extension of a germ tube to a 
length equal to one-half the diameter of the spore. Germina- 
tion was reponed as a percentage of the spore population, 
determined by microscopic count. Germination in both 
liquid and solid media was evaluated. 

Germination in liquid media w as determined by using 50- 
ml shake tlasks ( Bellco Ulass. Inc. Vineland. N.J.) coniaTrT" 
ing 10.0 ml of medium . Flasks were inoculated with ca. 5 x 
10^ sporangiospores and incubated in an environmentaT 
incubator-shaker (model G24: New Brunswick Scientific 
. Co., Inc.. Edison, N.J.) set at 150 rpm . Samples were 
removed from the flasks with sterile IOO-^a^I capillary pi- 
pettes. The percentage of germinated spores v^as determined 
. microscopically with a hemacytometer. At least 400 spores 
were counted for each sample. 

Germination was also evaluated on a solici agar medium 
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med.u^. Magnification. xl.OOO (phase-contrasi).(d) Germinated spoanSoT.^^^^^ of incubation (42°C) in defined 

'^lagnification. x 150 (phase-contrast). rm.natea sporangiospore^ forming mycelial pellets after 6.5 h in defined medium. 


InnrT- ^" sCandard-sizc petri dishes. A sporangio- 

Srfaceo°f^" T ^.'1 lO^.^PO^") ^-as spread over the 

LcMh^.^ r -.P^^."^"^ an alcohol-flamed glass rod. After 
ncubation for : to 8 h. agar blocks were asepiically removed 

cnn. rf'""- ?^ ^^'^ P'^"*! on cieaned micro- 

scope slides under cover slips and examined under 450x 



rn'S'^S"- eac^h sample, at least 400 spores were 
counted. Microscopic fields were selected randomly. 

RESULTS 

Germination sequence of /?. o%«;;orx/5 sporangiospores. 
Inn J °f "ligosporus sporangio- 

thmlh , °r ^"^ '° Germination proceeded 
th ough two distrnguishable phases. Phase I involved the 
enlargement of the spore (Fig. lb) before the emergence of a 


TABLE I. Requirements for swelling and germination of ft. 
• oliiiosponis sporangiospores" 

Condition of spores afler 24 
hat42"C'' 


Medium 


.PIG. 2- Effect 
Ijrcs. Spores w 
>red ai 5 h. 


of pH t)n cerminaiion of R, ifliaospinus sporangio- 
ere incubaied in the defined medium (4^0 and 


Disijlled water 

Mcllvaine (citric acid-Na.HPO) 

buffer fpH 4.0) 
Buffer-0.37C^ glucose 
^Buffer-O.O.^C^f (NHj.SO, 
Buffer-().37'7/ glucose-0.05C? 
tNH4):S0, 


Spore 
diam 


Germination 


5.5 
5.5 

8.3 
5.6 
12,1 


0 
0 

0 
0' 
60 


wal6y7''''^ '^""^"^ suspension (hased on Mycophit at:;.r pli*ic aiunii 

" Mean, based on H) observations. 

' in of the spores germinated at HVC and rormcd chlamvUc^nor-es in this 
medium. ' 
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germ lube (phase ID (Fig. Ic). Swelling of the spores during 
phase I varied with the medium. In the defined liquid 
medium, sporangiospores swelled to an average diameter of 
12.1 M-m, from 5.1 M-m, before the emergence of a germ tube 
(Fig. Ic). Germlings tended to clump together during extend - 
e d incubation periods to form mycelial pellets (big, id)'.' 
Because of this phenomenon, which interfered with germina- 
tion determinations, solid media were used for experiments 
requiring incubation periods longer than 6 h. 

Influence of pH and temperature on germination. The effect 
of pH on germination of sporangiospores (Fig. 2) was 
determined during a 6-h incubation (42**C) in the defined 
medium. The buffer in the base medium was prepared 
according to the specified pH values. The optimal pH range 
for germination was 3.6 to 4.6 ; maximum germination was at 
pH 4.0. Ge rmination was delayed and reduced to 15 to 20% 
af ter 18 h at pH values below 2.6 or above 6.6. 

The effect of incubation temperature on sporangiospore 
germination was determined by using the defined medium at 
pH 4.0. Germination was scored after incubation for 6 h at 
26, 30, 34, 38, 42. 46. or 50*'C. Germination was most rapid at 
42^C. After extended incubation (18 to 24 h). germina tion 
(c a. 25%) was also observed at 26 and 46°C. 

Nutritional requirements for germination. Sporangiospores 
were incubated in media lacking one or more constituents of 
the defined medium (Table 1). Sporangiospores incubated 
f r 24 h in either distilled water or buffer did not swell or 
germinate. Spores incubated in buffer with 0.37% glucose 
did not germinate after 24 h; however, after 6 h of incuba- 
tion, ca. 60% of the spores swelled to an average diameter of 
8.3 pim. Swollen spores underwent a loss in refractility and 
became granular in appearance. Approximately 60% of , the 
sporangiospores incubated in a medium containing carbon 
and nitrogen sources but no trace elements in a buffer base 
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FIG. 3. Comparison of germination. kinetics in defined and com- 
plex media. Complex media were prepared in Mcllvainc buffcr( half- 
strength) (pH 4.0). Nuirieni additions were made to bring the final 
concentration in the medium to 0.19&. Incubation was at 42*C. 


TABLE 2. Effects of amino acids on germJ^-^ijon* 

• rj Gcrmina- 

Amino acid tion after K 

h" 

-Proline 51 

' Alanine 51 

Asparagtne 4K 

Glutamine ; 42 

Aspanic acid 40 

Glutamic acid 34 

Ornithine 23 

Argininc 17 

Tyrosine 6 

Phenylalanine 5 

isoleucine 3 

Leucine, glycine; histidine, lysine, methionine, serine, 
threonine, tryptophan, valine, hydroxy-proline, cyste- 
ine control : 0 

* Viability of the stock spore suspension was 659^: incubation was at 42X: 
pH of the medium was 4.0, 

* Experimental error. ±5%, 


germinated within 6 h. Before the emergence of germ tubes, 
the sporangiospores swelled to an average diameter of 12.1 
p.m, 

Sporangiospores neither swelled nor germinated during a 
24-h incubation {42**C) in a carbon-deficient medium [i.e., 
buffer-(NH4):S04l. However, after 24 h at WC in this 
medium, 7% of the spores germinated and produced chla- 
mydospores. During germination, the sporangiospores 
swelled to 8.4 to 12.6 jtm and subsequently gave rise to one 
to four chlamydospores per emerging hypha. 

Germination kinetics in defined and complex media. The 
germination of sporangiospores was examined in several 
types of media, including those containing an enzymatic 
digest of casein (NZ amine type A), an acid digest of casein 
(Hy-Cas), or an enzymatic digest of soya (soy peptone). The 
kinetics of germination in these media are shown in Fig. 3. 
The enzymatic digests of soya and casein were more effec- 
tive in promoting germination than either the acid digest of 
casein or the defined medium. The medium containing the 
acid digest of casein was notably poor as germination 
medium. 

To test the possibility that nutrients other than amino 
acids were responsible for the more rapid ge rmination ob- 
served in NZ amine type A, a formulation of amino acids 
was prepared to duplicate the amino acid concent of casein. 
Media were prepared in Mcllvaine buffer (half-strength), pH 
4. Nutrients were added to yield a final concentration of 
0.1%. Incubation was at 4''C. Although the onset of germina- 
tion occurred 30 min earlier in the NZ amine ty pe A medium, 
the overall germination kinetics in the two me^i^ were quite 
similar. It is likely that promotion of germination by NZ 
amine type A is largely attributable to its amines acid content. 

EfiTects of individual amino acids on germirvation. For an 
assessment of the relative effectiveness of inc*ividual amino 
acids on germination, a solid medium contain ing Mcllvaine 
buffer (half-strength) (pH 4.0). 0.37% gluco^se, and 1.2% 
lonagar was prepared. The addition of indiv idual L-amino 
acids (analytical grade) was made aseptically to adjust the 
final concentration in (he medium to 0.01 M. "The results of 
these experiments are summarized in Table 2- Of the amino 
acids tested, t-proline and L-alanine w ere mcJ^st effective in 
promoting germination. Leucine, cysteine/ glycine, histi- 
dine, lysine, methionine, serine, threonine, tryptophan, va- 
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line, and hydroxyproline did noi suppon germination after 8 
h of incubation. 

Germination in the presence of IC'^M L-proIine was 129r. 
Germination in the presence of lO"" M L-alanine was 57f. A 
M concentration of L-asparagine allowed germina- 
^^^n: h wever, L-glutamine did not promote germination 
^5en at 10' M. For c mparison. germination in the pres- 
ence of NZ amine type A occurred at 0.0019? , a concentra- 
tion that provided a caiculaied proline concentration of 10'' 
lo.lO M. Germination did not occur at concentrations of 
ammonium sulfate below 10""* M. " " 

Amino acid combinations were also tested for detection of 
any additive or synergistic effects. The results of these 
expenments are summarized in Table 3. Proline-alanine and 
proiine-aspartic acid were the most effective combinations 
tested. These combinations, however, were only slightly 
more effective than proline or alanine alone. The striking 
mhibition of proline-induced germination in the presence of 
— arginine, ornithine, or glutamine remains unexplained. 

Effects of carbohydrates on germination of sporangiospores, 
I he ability of various carbohydrates to promote sporangio- 
spore germination was investigated by using a solid medium 
containing Mcllvaine buffer (half-streng th) (pH 4.0), lP9c 
lonagar, 0.05% (NH4)2S04/ and 0.37^r'gi7E5tr7af?5re frea. 
gent grade). Incubation was at 42°C for 8 h. The resuhs of 
these experiments are summarized in Table 4. Of the various 
carbohydrates, glucose, mannose, xylose, fructose, soluble 
starch, and galactose were superior in promoting germina- 
tion (greater than 409&). Germination in sorbitol, maltose, 
'"^nnitol. arid trehalose ranged from 38 to 17%. 
Raffinose^ ribose, lactose, and arabinose were less effective 
m promoting germination (less than 10%). 

Germination reserves in sporangiospores. The ability of/?. 
oligosponts to absorb sufficient nutrients during phase I for 

^^ ABLE 3. Effects of amino acid com binations on germination" 

. ^ Cermina- 

Combinaiion tion after 8 

■ - ■ • . -- h* , 

^ Proline-alanine... 5j 

olinc-aspartic acid I , /. . . : . . [ 54 

» rolinc-asparagine . . . . ...... . . . [ ] , . 50 

Alanine -glutamic acid 50 

Alanine-aspartic acid ;. 49 

. Proline-gluiaminc ............ . . !!!!!!!!!!!!!!!! 44 

Alanine-glutaminc 44 

Asparagine-aspanic acid 40 

Asparagine-glutaminc : . . . , . , [ . 36 

Asparaginc-gluiamic acid 36 

Asparagine-argininc. . . . 36 

Glutamine 36 

Alanine-ornithine .,.[/.,[.[[[ 36 

Glutamic acid-orniihinc !!!!!!!!! 33 

Asparagine-orniihinc ..: i ..]... 32 

Glutamic acid-argininc .......... i i 31 

Aspanic acid-glutamlc acid . . , . . [ . 30 

Aspartic acid-omiihinc ] [ ] ] [ 29 

Aspanic acid-argininc 29 

Glutaminc-giutamic acid ] [ [ [ 28 

Glutaminc-omithinc. ! i [ ! 24 

Omithine-argininc , * . 20 

Proline-glutamic acid. . . . . . ] [ 8 

Proline-omiihine g 

Proline-ar ginine 8 

J Viability of the siock spore suspension was 659?: incubation was at 4:'C: 
of the nncdium was 4.0. 
E-^ Pcrimc mal error. * 5*:=? . 


TABLE 4. EffectN of curbohyJra ie>. on*vicrmin;ition*' 

CarK>hvdruto ^' Gcrmimi- 

, . turn ;HttT 8 

. • ■ • ■ . 

o-Gluco.,e 

D-Mannose * " * '^^j 

D-Xylosc . . ; , . , . . , . . . . , [[, [ ' ' " \) 

D-Fructose 46 

Soluble starch : . /. . . . [ [ . 44 

. D-Galuctose 4^ 

D-Sorbiiol ^ii 

Maltose • ' * ' \j . . 

Sucrose ^0 

D-Mannitol, * * Ji^ 

Trehalose p 

Arabinose ; ; " ' ^ 

D-Ribosc ,.].[..]' 7 

Raifinose , ' ' ^ 

Lactose 4 

Duicitoi ' i ! o 

Control... : , ....... 0 

J Viabiliiy of the stock spore suspension was 6."^9f : incubation was at A'*X- 
pH of the medium was 4.0. 
* Experimental error, £595. 

germination to occur after transfer to a non-nutritive medium 
was examined. For these experiments, spores were first 
incubated for 2 h in a nutrient-rich medium containing 0.19? 
NZ amine type A and 0.225% glucose in Mcllvaine buffer 
(half-strength) (pH 4.0). After incubation (42X. 150 rpm). 
spores were recovered by centrifugation (1.000 x 10 min). 
The supernatant was discarded, and residual medium was 
removed from the inner surface of the tube with a sterile 
cotton swab. The pellet was suspended in sterile physiologi- 
cal saline solution containing Tween 80. Ponions of this 
suspension were then spread over the surface of plates 
containing Mcllvaine buffer solidified with 1 27c lonagar. 
After transfer to the nbn-nutrilive medium, spores were 
evaluated for both swelling and germination. A control 
suspension of sporangiospores (not incubated in germination 
medium) was directly spread over the surface of the non- 
nutntive medium. These spores retained their original diam- 
eier (5.1 p.m) after 5 h of incubation. Spores incubated in the 
germination medium for 2 h before transfer had s\welled to 
M M.m; however, both swelling and germination were arrest- 
ed when the sporangiospores were transferred to the non- 
nutritive medium. It appears that effective pools of germina- 
tion nutrients are not formed in R. oligosponts during phase 
I- Instead, continuous uptake of exogenous n utrients is 
required for subsequent germinatTo rT " ~ 

DISCUSSION 

The results of these studies may have practical implica- 
tions m the use of sporangiospore starters for tempeh 
fermentation. The fermentation is most commonly per- 
formed at 30 to 32''C. The most rapid germination of /?. 
oUfiosporus sporangiospores, however, occurs at c^. 42''C. 
Therefore, the inclusion of a short initial inciihaf inn ^at 42*^0 
befoixMPioiP.^^^^ to 30 to 32°C may '^x'pe'dite 

the critical, initial portion of the fermentation and decrease 
the total fermentation time. Steinkraus et al. (7) h vc recpn)-_ 
'nepici.SQjnitial.ac^ substrate, to fr»inimiz e~ 

lh.e.&LQwth of bacterial contamin^ams' dur mi rrhe'Te rmenta-" 
tifin. The results of the present study confirm that a^it^ihca- 
tion of the substrate to ca. pH 4.0 favors ra£id gcrmin iition of 
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sporangiospore siariers lo establish competitive mycelial 
growth. 

The morphological changes that occur during the germina- 
tion of sporangiospores among the mucorales have been well 
JB^Jocumented. The present study confirms that germination of 
^^Pr. oli^osponis sporangiospores occurs in two distinct 
phases. Neither swelling nor germ tube extension occurs 
when these sporangiospores are suspended in distilled water 
or buffer. .Swelling (phase 1) requires the presence of a 
s uitable carbon source: germ_ tu^e gjaeJisipn .<j?has^^ li) 


re quires the simultaneous presence of carbon and nitxp^erv 
s ources. When sporangiospores are incubated in the pres- 
ence of exogenous nutrients and then transferi-ed to a non- 
nutritive medium, swelling and germ lube extension are 
arrested. Therefore, it may be concluded that these spora n- 
gi ospores do not contain appreciable endogenou s reserves 
nutrients. Ekundayo and Carlile <1) have reported that , i 


germifiatipn. Weber (8) and Weber and Ogawa (9) found, l- _ 
proline to be the most effective of 60 compounds tested for 
stimulating the germination of /?. arrluztis and Rluzopns 
stofonifcr sporanglosports. These authors also found only 
small amounts of L-proline In the endogenous amino acid 
pool. Proline-stimuiated germination was reported to require 
the presence of phosphate in the medium. Our findings 
indicate that proline-stimuiated germination in R, oUuo- 
spams sporangiospores is optimized by the simultaneous - 
presence of glucose and phosp hate i n the me dium. Further 
investigations are required to determine the specific role of 
amino acids in influencing sporangiospore germination. 
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